Introduction {#s1}
============

Ligand-gated K^+^ channels open and close in response to various cellular chemical stimuli. The majority of prokaryotic ligand-gated K^+^ channels, as well as eukaryotic Slo channel families (Slo1 or BK, Slo2 and Slo3) ([@bib29]), have one or two copies of a conserved C-terminal intracellular ligand-binding RCK ([r]{.ul}egulating the [c]{.ul}onductance of [K]{.ul}^+^) domain ([@bib19]; [@bib17]; [@bib20]) ([Figure 1A](#fig1){ref-type="fig"}). RCK domains are also ubiquitously distributed in the bacterial K^+^ uptake (Trk or Ktr systems) ([@bib31]; [@bib25]) and efflux machinery (Kef systems) ([@bib4]; [@bib24]). The wide distribution of RCK domains in K^+^ channels and transporters highlights their importance in regulating K^+^ transport across the cell membrane.10.7554/eLife.00184.003Figure 1.RCK-Regulated K^+^ Channels. (**A**) Topology of RCK-regulated K^+^ channels. (**B**) Functional assembly of single RCK-containing channels such as MthK. (**C**) Functional assembly of double RCK-containing channels such as GsuK in this study.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.003](10.7554/eLife.00184.003)

RCK domains associate as a dimer, ([@bib19]; [@bib27]; [@bib9]), which serves as the basic building block for the quaternary structural assembly in both K^+^ channels and transporters. As demonstrated in the structure of MthK, a Ca^2+^-gated K^+^ channel from *Methanobacterium thermoautotrophicum*, four RCK dimers assemble into an octameric gating ring in a functional channel tetramer ([@bib17]). The same quaternary complex is also observed in the K^+^ transporter systems ([@bib3]), indicating that a gating ring of eight RCK domains is the functional assembly for both channels and transporters. Most prokaryotic RCK-containing K^+^ channels have only one copy of the RCK domain on each subunit and the formation of an octameric gating ring requires the co-expression of their cytosolic RCK domain via an alternative internal translation start site on the same gene ([@bib17]). The eukaryotic Slo K^+^ channel families and a subset of prokaryotic K^+^ channels already contain two tandem RCK domains on each subunit and therefore the gating ring assembly in these channels no longer requires the co-expression of an isolated RCK domain ([Figure 1B,C](#fig1){ref-type="fig"}). The formation of the gating ring provides a platform for diverse allosteric ligand regulation among RCK-containing channels, and the gating rings of some channels are susceptible to multiple cellular stimuli. For example, the RCK domains of BK channels have multiple divalent cation (Ca^2+^ and Mg^2+^) binding sites for channel activation and can be modulated by phosphorylation and heme binding, and so on ([@bib45]; [@bib33]; [@bib38]; [@bib5]; [@bib44]; [@bib16]).

The structural information of RCK-containing channels has been limited to the low resolution single-RCK MthK channel in a Ca^2+^-bound, open conformation ([@bib17]) or the isolated cytosolic RCK domains from other K^+^ channels and transporters ([@bib27]; [@bib3]; [@bib40]; [@bib37]; [@bib43]; [@bib42]). Due to the resolution limit and poor crystal packing, the ion conduction pore of MthK was poorly defined and the linkers between the pore and the gating ring, which are essential for coupling the gating ring conformational change to the pore opening and closing, could not be resolved in the structure. In this study, we present structural and functional studies of a novel a two-transmembrane, RCK-regulated K^+^ channel, GsuK, named after the bacterium ***[G]{.ul}****eobacter* ***[su]{.ul}****lfurreducens* from which this **[K]{.ul}**^+^ channel was cloned. Each GsuK subunit contains two tandem RCK domains, reminiscent of Slo K^+^ channels. We demonstrate that GsuK is a nucleotide-activated and Ca^2+^-deactivated K^+^ channel and reveal the structural mechanism of multi-ligand gating of this double-RCK K^+^ channel and a distinct pore opening mechanics.

Results {#s2}
=======

Structure of the intracellular ligand-binding gating ring of GsuK {#s2-1}
-----------------------------------------------------------------

Our study of GsuK started with the structure determination of its two tandem RCK domains, labeled as RCK1 and RCK2. The two intracellular ligand binding RCK domains form a bi-lobed structure equivalent to the MthK RCK dimer; each lobe consists of the N-terminal two-thirds of the RCK domain (βA to αF) and adopts a Rossmann-fold ([@bib28]) ([Figures 2 and 3](#fig2 fig3){ref-type="fig"}). While the secondary structural elements of the C-terminal subdomains are similar between GsuK and MthK, their tertiary structural arrangements are quite distinct. In MthK, the N-terminal lobes and the C-terminal subdomains of the RCK dimer are connected by interlocking helix-turn-helix motifs (αF-turn-αG), which provide extensive dimerization interactions at the so-called flexible interface ([Figure 3B](#fig3){ref-type="fig"}). In GsuK, the equivalent αG helix is absent in RCK1 and becomes a shorter helix with a different orientation in RCK2, resulting in swapped and loosely packed C-terminal subdomains ([Figure 3A](#fig3){ref-type="fig"}). Four GsuK intracellular subunits assemble into a gating ring containing eight RCK domains through inter-subunit interactions at the assembly interfaces ([Figure 4A,B](#fig4){ref-type="fig"}), with the N-terminal Rossmann-folded lobe of each RCK forming the core of the gating ring and the C-terminal subdomain loosely associating with the core of the gating ring on the periphery.10.7554/eLife.00184.004Figure 2.Sequence and secondary structure comparison between GsuK and MthK. For comparative purposes, the secondary structural elements of each GsuK RCK domain are labeled following the same nomenclature used for MthK. A duplicate copy of MthK RCK is used in the alignment with GsuK RCK2.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.004](10.7554/eLife.00184.004)10.7554/eLife.00184.005Figure 3.Structure of the GsuK intracellular subunit. (**A**) Stereoviews of GsuK intracellular subunit. RCK1 and RCK2 are colored green and orange, respectively. Ca^2+^ and Zn^2+^ ions are shown as red and silver spheres, respectively. The same color representations are used in all figures. (**B**) Stereoviews of MthK RCK dimer. The N-terminal lobes and the C-terminal subdomains are circled in RCK2 of GsuK and in one of the RCK subunits of MthK.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.005](10.7554/eLife.00184.005)10.7554/eLife.00184.006Figure 4.Structure of the GsuK gating ring. (**A**) Stereo representation of the GsuK gating ring viewed from the top. Arrows indicate the inter-subunit assembly interface. (**B**) Stereo view of the symmetrical MthK gating ring in the open state. (**C**) Dimension of the GsuK gating ring viewed from top (left) and bottom (right). The diagonal distance is measured between the Ca atoms of Gly131, which is the starting residue of the RCK1. Red square marks the size of the central hole. (**D**) The position of linkers between the gating ring and the ion conduction pore in GsuK (left) and BK channel (right). The linkers are in ball-and-stick representation and the gating rings are shown as surface rendered representation. The short N-terminal four-helix bundle on top of the GsuK gating ring is shown as green ribbons.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.006](10.7554/eLife.00184.006)

As the GsuK gating ring is formed by two different sets of RCK domains, its top and bottom halves are not twofold symmetrical, as seen in the MthK gating ring. The pore-connecting top half of the GsuK gating ring is in a contracted form similar to the closed MthK whereas the bottom half is more expanded ([Figure 4C](#fig4){ref-type="fig"}), suggesting that the structure likely represents a closed conformation. Furthermore, each subunit also contains a small fragment of the pore-lining inner helix at its N-terminus, which forms a short four-helix bundle atop the center of the gating ring and creates a constriction point at the intracellular end of the pore that would occlude the passage of hydrated K^+^ ions ([Figure 4A,D](#fig4){ref-type="fig"}). The same closed gate is also observed in the structures of the full-length channel as discussed later. The helix bundle is tethered to RCK1 by linkers in an extended configuration, ensuring a tight coupling between the gating ring conformational change and pore opening at the intracellular gate ([Figure 4D](#fig4){ref-type="fig"}). Despite low sequence similarity, the position and structural features of this linker are similar to that observed in the BK channel gating ring ([@bib37]) ([Figure 4D](#fig4){ref-type="fig"}).

Multiple ligand binding in GsuK gating ring {#s2-2}
-------------------------------------------

The RCK2 domain of GsuK contains the conserved GxGxxG...D/E sequence motif for nucleotide binding in Rossmann-folded protein ([@bib6]) ([Figure 2](#fig2){ref-type="fig"}). Indeed, electron density modeled as AMP was observed at the predicted nucleotide binding site in the GsuK gating ring structure ([Figure 5A](#fig5){ref-type="fig"}). As no nucleotides were added during protein purification or crystallization, the bound nucleotide is likely from the *E. coli* cells used for protein expression. Although modeled as AMP, the electron density could actually be from other adenine-containing nucleotide whose AMP moiety is well structured while the rest is mobile. This is the case in the structure of the nucleotide binding RCK domain from a K^+^ transporter, in which only the AMP portion of a bound NAD^+^ can be defined ([@bib27]; [@bib3]). Supporting this hypothesis, our functional characterization using the ^86^Rb flux assay demonstrated that ADP and NAD^+^ are the likely ligands for GsuK as discussed below.10.7554/eLife.00184.007Figure 5.Ion and ligand binding in GsuK. (**A**) Structure of the nucleotide-binding site on RCK2. The electron density (blue mesh, contoured at 3σ) from F~o~--F~c~ omit map is modeled as AMP. Purple spheres represent the Cα atoms of glycine residues from the conserved nucleotide binding motif. (**B**) Local structure of the Zn^2+^ (silver sphere) binding site on RCK2 with F~o~--F~c~ ion omit map (blue mesh) contoured at 9σ. (**C**) Stereoview of the inter-subunit interactions at the assembly interface. Side chains of hydrophobic residues are shown as cyan sticks. Residues that chelate the Ca^2+^ ion with backbone carbonyl oxygen atoms are labeled in red. The electron density of Ca^2+^ (red sphere) from F~o~--F~c~ ion omit map is contoured at 5.5σ. (**D**) The inter-subunit interface and Ca^2+^ bowl (red loop) of the BK channel.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.007](10.7554/eLife.00184.007)

Two bound metal ions were observed in each GsuK subunit. One is identified as Zn^2+^ as it is chelated by His (His359 and His391) and Cys, (Cys364 and Cys388) in RCK2 ([Figure 5B](#fig5){ref-type="fig"}) with ion coordination chemistry and the local structure resembling a zinc-finger motif; fluorescence scanning of the crystal at the synchrotron also confirmed the presence of Zn^2+^ in the crystal. Whether Zn^2+^ plays any functional role is still unclear and warrants further study. The second bound ion, identified as Ca^2+^ based on ligand chemistry and functional assays, is positioned at the inter-subunit assembly interface, a location reminiscent of the Ca^2+^ bowl in BK channel ([Figure 5C,D](#fig5){ref-type="fig"}). The six oxygen ligands, two of which are backbone carbonyl oxygen atoms, come from Thr183, Asn210 and Thr214 of RCK1 and Glu449, Asn450 and Gln453 of RCK2 from the neighboring subunit ([Figure 5C](#fig5){ref-type="fig"}). Unlike that in MthK or BK, Ca^2+^ serves as an allosteric inhibitor in GsuK whose binding stabilizes the closed gating ring and deactivates the channel as confirmed by single channel electrophysiology and the full-length channel structure. As the crystallization conditions contain neither Zn^2+^ nor Ca^2+^, both ions are likely from the *E. coli* cells or trace amounts of contaminants in the solutions used for protein purification and crystallization.

Identify the possible ligands for GsuK using flux assay {#s2-3}
-------------------------------------------------------

We utilized the ^86^Rb flux assay initially to identify the potential nucleotide ligands for GsuK ('Materials and methods'). In this assay, various nucleotides at a concentration of 1 mM were added individually to GsuK-containing liposomes loaded with high \[K^+^\] followed by mixing with the flux buffer containing radioactive ^86^Rb. The effect of individual nucleotide on ^86^Rb influx into the liposome was monitored by measuring intraliposomal radioactivity levels 5 min after initial mixing. Among those nucleotides tested, guanidine nucleotides had no effect on ^86^Rb influx as compared to the control liposomes absent of nucleotide, while ADP and NAD^+^ led to about a 4--5-fold increase in intraliposomal radioactivity ([Figure 6A](#fig6){ref-type="fig"}). Interestingly, other adenine-containing nucleotides such as ATP, AMP, or NADH had no obvious effect on ^86^Rb influx.10.7554/eLife.00184.008Figure 6.Functional analysis of the GsuK channel. (**A**) ^86^Rb^+^ flux assays of GsuK-containing liposomes in the presence of various nucleotides. Data are averages of two measurements and normalized against the control sample without nucleotide. (**B**)--(**D**) Single channel traces and I--V curves of the wild-type channel and L97D mutant. Currents were recorded using giant liposome patch clamping with 150 mM NaCl and 150 mM KCl in the pipette and bath solutions, respectively. (**E**) Sample traces of wild-type channel in the presence and absence of intracellular Ca^2+^ (left) and the plot of \[Ca^2+^\]-dependent single channel open probability of wild-type GsuK and L97D mutant (right). Both pipette and bath solutions contain symmetrical 150 mM KCl. Data for wild-type channel are fitted to the Hill equation with K~1/2~ of 197 uM and Hill coefficient n = 2.3. Data are mean ± SEM of seven measurements. (**F**) Sample traces of partially deactivated GsuK channel in the presence and absence of 2 mM ADP. Shown on the right is the plot of \[Ca^2+^\]-dependent single channel open probability of wild-type GsuK in the presence of 2 mM various adenine-containing nucleotide. Both pipette and bath solutions contain symmetrical 150 mM KCl. Data are fitted to the Hill equation with K~1/2~ = 210 μM and n = 2 for AMP, K~1/2~ = 350 μM and n = 1.4 for ADP, and K~1/2~ = 370 μM and n = 1.3 for NAD^+^. Data are mean ± SEM of five measurements.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.008](10.7554/eLife.00184.008)

GsuK is a nucleotide activated, Ca^2+^ deactivated K^+^ channel {#s2-4}
---------------------------------------------------------------

Giant liposome patching was employed to assay the functional properties of both wild-type GsuK and L97D pore mutant, a mutation that enhances the channel conductance and open probability ([@bib34]), and also yields better diffracting crystals ('Materials and methods'). In the absence of intracellular Ca^2+^, both the wild-type and mutant channels exhibit high single channel activity with an open probability (P~o~) of about 0.9 ([Figure 6B--D](#fig6){ref-type="fig"}). The L97D mutation resulted in a significantly higher single channel conductance than the wild-type channel. Both channels are weakly K^+^ selective, with a reversal potential of about −40 mV under bi-ionic conditions, equivalent to a permeability ratio (P~Na~/P~K~) of about 0.2 ([Figure 6D](#fig6){ref-type="fig"}). The weak K^+^ selectivity could be partly attributed to the presence of Phe instead of Tyr in the selectivity filter as demonstrated in a recent selectivity study on K^+^ channel in which replacing Tyr with Phe in the filter results in a decreased K^+^ selectivity ([@bib30]).

The presence of Ca^2+^ at the intracellular side decreases the channel open probability but not single channel conductance ([Figure 6E](#fig6){ref-type="fig"}), whereas the presence of Ca^2+^ at the extracellular side has no obvious effect on channel open probability ('Materials and methods'). These results, combined with the observation of Ca^2+^ binding at the gating ring assembly interface, suggest that the reduction in channel activity by Ca^2+^ is a result of a gating rather than pore blocking effect. The wild-type channel exhibits cooperative Ca^2+^ deactivation with a K~1/2~ of 197 μM and Hill coefficient of 2.3. The L97D mutant, on the other hand, mitigates Ca^2+^ deactivation and maintains a fairly high open probability (P~o~ ∼ 0.4) even in the presence of 3 mM Ca^2+^, suggesting that this inner helix mutation favors the pore in an open conformation and thereby weakens the inhibitory gating effect of Ca^2+^. Similar pore opening effect was also observed with equivalent mutation (A88D) in MthK ([@bib34]).

The gating effects of nucleotide ligands identified by the flux assay were also assessed on the wild-type channel. Although the gating effect is not as profound as Ca^2+^, both NAD^+^ and ADP can increase the channel open probability, and their activation effect is more obvious under a Ca^2+^-deactivated state (\>300 μM \[Ca^2+^\]) and less so at lower \[Ca^2+^\] where the channel are already highly active ([Figure 6F](#fig6){ref-type="fig"}). Consistent with the flux assay, such an activation effect is not observed with other adenine-containing nucleotides such as AMP.

Structures of the full-length GsuK channel {#s2-5}
------------------------------------------

Two full-length channel structures, wild-type channel and L97D mutant, were determined at 3.7 Å and 2.6 Å, respectively ([Table 1](#tbl1){ref-type="table"}). Both channels share a similar overall structure and, therefore, the higher resolution L97D mutant is used here for the description of the overall full-length channel structure ([Figure 7A](#fig7){ref-type="fig"}). The L97D mutant channel crystals are of the space group *C2* with unit cell dimensions of a = 232.9 Å, b = 111.7 Å, c = 164.1 Å and β = 134.5°, and contain four channel subunits in an asymmetric unit. These subunits do not belong to the same channel tetramer and, instead, are divided into two half channels, which participate in the formation of two channel tetramers with their crystallographic twofold related partners. The gating ring of the full-length channel tetramer adopts a similar structure to the isolated gating ring, indicating a closed conformation. Both Zn^2+^ and Ca^2+^ are present in the full-length channel structure, but no clear density for nucleotide is observed.10.7554/eLife.00184.009Table 1.Data collection and refinement statistics**DOI:** [http://dx.doi.org/10.7554/eLife.00184.009](10.7554/eLife.00184.009)Data CollectionIntracellular subunitWild typeL97D mutantL97D mutant /ADPL97D mutant /NADSpace groupI222C2C2C2C2Cell dimensions: a, b, c (Å)110.6, 161.7, 310.1235.0, 108.4, 165.8232.9, 111.7, 164.1234.3, 111.4, 164.7232.5, 111.1, 164.6α, β, γ (°)90, 90, 9090, 135.0, 9090, 134.5, 9090, 134.9, 9090, 134.8, 90Wavelength (Å)0.97921.03320.97860.97920.9792Resolution (Å)50.0 − 3.050.0 − 3.750.0 − 2.650.0 − 2.850.0 − 3.2Measured reflections309,562123,263303,788225,169141,834Unique reflections55,43527,53987,30572,26047,223Redundancy[\*](#tblfn1){ref-type="table-fn"}5.64.53.53.13.0Completeness (%, highest shell)99.2 (93.6)86.7 (47.4)94.7 (57.8)96.4 (88.9)95.6 (92.5)Mean I/σI (highest shell)35.9 (1.8)19.0 (1.0)18.4 (1.0)15.6 (1.0)14.7 (1.0)R~sym~ (%, highest shell)[†](#tblfn2){ref-type="table-fn"}6.0 (68.3)7.8 (82.9)6.4 (51.6)7.0 (86.7)7.1 (79.2)RefinementResolution (Å)50.0 − 3.050.0 − 3.730.0 − 2.650.0 − 2.850 − 3.2No. of reflections \|F\|\>0 σF54,22427,45887,24271,57047,059R-factor/R-free (%)[‡](#tblfn3){ref-type="table-fn"}22.8/26.226.1/29.320.3/24.921.3/25.523.0/27.0No. of protein atoms13,84014,24614,23514,24414,255No. of solvent atoms0039127350No. of ions (K^+^/Ca^2+^/Zn^2+^)0/4/412/4/412/4/411/4/412/4/4No. of ligands4 AMP004 ADP4 NADRmsd bond lengths (Å)[§](#tblfn4){ref-type="table-fn"}0.0090.0060.0040.0050.003Rmsd bond angles (°)1.2431.0530.6660.9020.723[^2][^3][^4][^5][^6]10.7554/eLife.00184.010Figure 7.Structure of the full-length GsuK channel. (**A**) Stereoview of full-length GsuK channel with L97D mutation. The transmembrane helices are shown as blue cylinders and the gating ring is in ribbon representation with RCK1 in green and RCK2 in orange. Subdomains from the front and back subunits are disordered and absent in the structure. (**B**) Comparison of the translational distances between the gating ring and the membrane-spanning pore in GsuK (left, L97D mutant) and MthK (right). (**C**) Comparison of the relative orientation between the gating ring (ribbon representation) and ion conduction pore (cylinder representation) in GsuK (left) and MthK (right). Only one subunit from each channel is colored. Both channels are superimposed using the pore region and viewed from the extracellular side. Arrows connect the central fourfold axis (square) to the starting residue (Cα atoms of Gly131 in GsuK and Arg114 in MthK) of the first RCK domains, indicating the approximate direction of the linker.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.010](10.7554/eLife.00184.010)

The full-length GsuK structure exhibits two major differences in relative position between the gating ring and the pore as compared to MthK. First, GsuK has a long inner helix that is seven residues (about two helical turns) longer than that of MthK, resulting in the attached gating ring being further away from the membrane ([Figure 7B](#fig7){ref-type="fig"}). Second, GsuK and MthK adopt different relative orientations between the gating ring and the pore ([Figure 7C](#fig7){ref-type="fig"}). With their pores superimposed, the gating rings of MthK and GsuK have about a 50-degree rotation relative to each other about the central axis. This difference in relative orientation could contribute to the different pore opening mechanics between GsuK and MthK as discussed later.

Ion conduction pore of GsuK {#s2-6}
---------------------------

While having the same structure at the selectivity filter region, the membrane-spanning pore of GsuK has several unique structural features as compared to other K^+^ channels. First, instead of forming a single straight helix, the long inner helix of GsuK is segmented into three parts, labeled TM2A, 2B and 2C, respectively ([Figure 8A](#fig8){ref-type="fig"}). The break between TM2A and 2B is at a position near the helix-breaking PVP region of Kv channels ([@bib22]). Second, rather than forming a bundle crossing right below the central cavity as seen in the closed KcsA structure ([@bib10]; [@bib46]), the four inner helices of GsuK are more parallel to the central pore axis and generate an elongated, water-filled vestibule that spans twice the length of the KcsA cavity ([Figure 8A](#fig8){ref-type="fig"}). Third, the second inner helix break reorients the TM2C segment towards the central axis, forming a constriction at the very end in a channel tetramer and pinching shut the pore at residue Leu117 ([Figure 8A,B](#fig8){ref-type="fig"}).10.7554/eLife.00184.011Figure 8.The ion conduction pore of GsuK. (**A**) Structural comparison between the GsuK pore and KcsA. K^+^ ions in the filter are shown as green spheres. Grey surface representation illustrates the space of the central cavity. GsuK inner helix (TM2) is segmented into three parts labeled as 2A, 2B and 2C, respectively. (**B**) Zoomed-in view of the GsuK intracellular gate with the surrounding charged residues drawn as sticks. Leu117 side chains are shown in CPK models. (**C**) Superimposition of the ion conduction pores from the wild-type (magenta) and the L97D mutant (blue) channels. (**D**) View of the superimposition from the intracellular side. The intracellular gate remains closed in the L97D mutant.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.011](10.7554/eLife.00184.011)

The closed gate is tethered to the RCK gating ring through the extended linkers as was seen in the isolated gating ring structure. A stretch of charged residues, mainly positive ones, are clustered at the end of the inner helix and cuff around the closed gate ([Figure 8B](#fig8){ref-type="fig"}). These positively charged residues, also observed in some RCK-containing Slo channels, could potentially participate in channel gating by interacting with lipids similar to the mechanism in inwardly rectified K^+^ channels ([@bib12]; [@bib36]).

Despite the similar gating ring structures, the ion conduction pores of the wild-type and L97D mutant channels exhibit obvious differences along the inner helix. As shown in the pore superimposition ([Figure 8C,D](#fig8){ref-type="fig"}), the inner helices of the wild-type and mutant channels diverge at the glycine gating hinge (Gly92), but converge at the C-terminal end of the inner helix where the bundle crossing forms. In the L97D mutant, a noticeable helix bend occurs at Gly92 (hinge 1), whereas a sharp turn occurs between TM2B and 2C (hinge 2) in the wild-type channel inner helix.

ADP and NAD^+^ binding in GsuK {#s2-7}
------------------------------

To reveal the structural basis of nucleotide activation, we also co-crystallized the L97D mutant with ADP and NAD^+^ and determined the complex structures at 2.8 and 3.2 Å, respectively ([Table 1](#tbl1){ref-type="table"}). The overall structure of the nucleotide-bound L97D mutant is similar to that of the apo state, with the gating ring in a Ca^2+^-bound, closed conformation.

In the ADP-bound structure, the AMP moiety of the ligand can be unambiguously defined in all four subunits within the asymmetric unit at the same position as was observed in the isolated gating ring structure ([Figure 9A](#fig9){ref-type="fig"}). The electron density for the β-phosphate group, although not as well resolved as the rest due to higher mobility, points to two possible configurations. In one subunit, the ADP is in an extended *trans* configuration, whereas in the other subunits the ADP is in a *cis* configuration with respect to the phosphoester bond. In the *cis* configuration, the β-phosphate makes a sharp turn and inserts itself into a pocket formed by the loops from βA-to-αA and from βD-to-αD on the second RCK domain ([Figure 9A,B](#fig9){ref-type="fig"}). The pocket is located at the base of the flexible interface and analogous to the Ca^2+^ binding site in the MthK RCK ([Figure 9C](#fig9){ref-type="fig"}), suggesting that ADP binding in the *cis* configuration represents an activating state and promotes the gating ring conformational change at the flexible interface similar to Ca^2+^ binding in MthK. The pocket is large enough to accommodate one phosphate group and is in a position only accessible by the β-phosphate, explaining the ligand specificity for ADP but not ATP or AMP.10.7554/eLife.00184.012Figure 9.ADP binding in GsuK. (**A**) Bound ADP in *trans* (left, non-active) and *cis* (right, active) configurations. The electron density is from F~o~--F~c~ omit map contoured at 3.0σ. (**B**) Stereoview of the *cis*-ADP activation site from inside the gating ring. RCK1′ and RCK2′ are from the neighboring subunits. Dotted oval indicates the location of the gate and the central arrow indicates the direction of the central axis of the pore. (**C**) Local structure comparison between the ADP activation site in GsuK and the Ca^2+^ activation site in MthK.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.012](10.7554/eLife.00184.012)

The NAD^+^-bound structure has lower ligand occupancy, likely due to a lower ligand affinity in the Ca^2+^-bound closed gating ring. Nevertheless, partially occupied nucleotide is clearly visible in the F~o~--F~c~ omit map in two of the subunits ([Figure 10A](#fig10){ref-type="fig"}). In particular, the ADP and nicotinamide moieties of NAD^+^ can be properly defined in the electron density map as both are engaged in direct interactions with the protein, whereas the bridging ribose in between is flexible. The position of the nicotinamide group suggests a different activating mechanism between NAD^+^ and ADP. The NAD^+^ nicotinamide group is inserted beneath the N-terminal end of the crossover αF helix in RCK1 ([Figure 10A,B](#fig10){ref-type="fig"}), at the hinge of the flexible interface between βF and αF where the gating ring conformational change occurs ([@bib40]). The strategic position and the positive charge suggest that the nicotinamide serves as the activation group of NAD^+^ and works as a lever whose insertion promotes the hinged motion at the flexible interface towards the open conformation in GsuK. One plausible explanation for the specificity for NAD^+^ but not NADH is that the tightly-spaced binding pocket permits the insertion of a flat pyridine ring from the nicotinamide of NAD^+^ but excludes the puckered dihydropyridine ring from NADH.10.7554/eLife.00184.013Figure 10.NAD^+^ binding in GsuK. (**A**) NAD^+^ binding in GsuK with F~o~--F~c~ omit map contoured at 3.0σ. (**B**) Stereoview of the NAD^+^ activation site from inside the gating ring.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.013](10.7554/eLife.00184.013)

Discussion {#s3}
==========

The structure of GsuK provides an excellent model system for understanding the structural basis of multi-ligand regulation of the RCK gating ring as commonly seen in the eukaryotic Slo channels. Ca^2+^ stabilizes the closed gating ring by binding at the inter-subunit assembly interfaces and deactivates the GsuK channel. Ca^2+^ deactivation has a dominant effect on GsuK gating as the removal of Ca^2+^ increases the channel open probability regardless of the presence or absence of nucleotides. The gating effect of nucleotide binding is less profound than Ca^2+^ as it only moderately enhances the channel open probability under a Ca^2+^-deactivated state. While both NAD^+^ and ADP anchor their adenine rings at the same site on RCK2 by using the conserved nucleotide binding motif, they utilize different functional groups and activate the channel at different sites. In addition to nucleotide and Ca^2+^, the GsuK RCK2 also has a high affinity site for Zn^2+^ ion whose functional role, if any, is unclear. Despite differences in ligands, there is a convergence of the ligand activation sites between GsuK and other RCK-regulated channels. Albeit with opposite gating effect, the Ca^2+^ binding site of GsuK is analogous to the position of the Ca^2+^-bowl in BK ([@bib37]; [@bib43]); and the ADP activation site in GsuK is equivalent to the Ca^2+^ binding site in MthK ([@bib17]; [@bib9]). In addition, many RCK domains from channels or transporters contain the conserved nucleotide binding motif at the same position, indicating a common site for adenine-containing nucleotide ligand.

GsuK has its intracellular gate at the end of the inner helix, distal from the canonical bundle crossing seen in KcsA, allowing for direct coupling to the gating ring through the extended linker. Although the intracellular gates of both the wild-type and L97D mutant channels are closed in the structures, the structural difference between their ion conduction pores suggests a distinct pore opening mechanism for GsuK. The L97D mutant appears to promote inner helix bending at the glycine gating hinge (Gly92) and the direction of the helix bend is parallel with the orientation of the linker between the pore and the gating ring. Its gating ring, however, is still in the Ca^2+^-bound, closed conformation, which locks the intracellular gate closed at the end of the inner helix and prevents the concurrent movement of the TM2C with TM2B ([Figure 8C,D](#fig8){ref-type="fig"}). Consequently, the sharp turn between TM2B and 2C in the wild-type channel inner helix becomes straightened in the L97D mutant. These structural differences, along with the electrophysiological observation that the L97D mutant favors pore opening and has lower sensitivity to Ca^2+^ deactivation, suggest that the L97D structure is in an intermediate state in which the pore inner helices are undergoing conformational changes towards opening but the channel\'s intracellular gate remains shut, deactivated by Ca^2+^. With the gating ring constriction alleviated, we expect that the inner helix of the open pore undergoes a similar bending movement at the glycine hinge with TM2B and 2C moving concurrently. A working model for the open pore can therefore be generated by applying the inner helices bending observed at Gly92 of L97D mutant onto the wild-type pore and allowing TM2B and 2C to move as a rigid body ([Figure 11A](#fig11){ref-type="fig"}). In this open pore model, Leu117 is rotated away from the ion permeation pathway, yielding a larger entrance at the gate.10.7554/eLife.00184.014Figure 11.Proposed pore opening mechanics of GsuK. (**A**) Working model of the GsuK intracellular gate from closed (magenta) to open (green). Arrows indicate the direction of inner helix movement from closed to open state. Leu117 side chains are shown as sticks. (**B**) Pore opening mechanics of MthK. KcsA is used as the closed model for MthK.**DOI:** [http://dx.doi.org/10.7554/eLife.00184.014](10.7554/eLife.00184.014)

The proposed pore opening mechanics of GsuK is distinct from other K^+^ channels. The GsuK inner helix has two different hinge points in response to external stimuli, allowing the pore to adopt an open, closed, and Ca^2+^-deactivated states. The GusK pore dilates open in a very different direction as compared to MthK or Kv channels ([@bib18]; [@bib21]; [@bib41]) ([Figure 11A,B](#fig11){ref-type="fig"}). This reversed dilation of pore opening between GsuK and MthK can be attributed to the differences in the relative orientation between the gating ring and the pore as shown in [Figure 7C](#fig7){ref-type="fig"}. As current structural studies of RCK-regulated gating suggest that the expansion of the gating ring upon activation is mechanically coupled to the pore opening ([@bib40]; [@bib42]), then the inner helix movement in different directions is expected between GsuK and MthK.

Although protein samples were prepared in nominal Ca^2+^-free conditions, the gating rings in all GsuK crystal structures are in a Ca^2+^ bound, closed conformation, suggesting a relatively high Ca^2+^ binding affinity in GsuK. The likely source of Ca^2+^ is contamination of the chemicals used for protein purification and crystallization. Single channel recordings, however, showed a lower apparent affinity of Ca^2+^ with a K~1/2~ of about 200 μM. One possible explanation for this discrepancy is that the protein crystals were grown in a detergent environment whereas channel recording was performed in a lipid membrane. As lipids are known to be important for membrane protein stability, their presence may be necessary to stabilize the GsuK pore in an open state and, therefore, give rise to a lower efficacy of Ca^2+^ deactivation. A possible region in GsuK for lipid interactions is the stretch of positively charged residues surrounding the closed gate at the carboxyl terminus of the inner helix, which could potentially interact with the phospholipid head groups and influence channel gating.

Certain resemblances between GsuK and Slo channels are noteworthy. Like GsuK, the majority of Slo2.1 and Slo3 channels have the same TVGFG signature sequence, and a study of mouse Slo3 showed a K^+^ selectivity similar to that of GsuK ([@bib32]). The Slo2 inner helix contains a conserved Pro at the position equivalent to the helix breaking Leu97 of GsuK, suggesting a similar inner helix break. NAD^+^ has also been shown in a recent study to modulate Na^+^ activation in Slo2 by binding at the same nucleotide site in RCK2 ([@bib35]). Furthermore, the relative orientation between the transmembrane pore and the gating ring in Slo channels, and consequently pore opening mechanism, may have a closer resemblance to GsuK than MthK. One piece of evidence is that the acidic Asp90 residue in the S0--S1 loop of the BK channel transmembrane pore has been shown to interact with the Glu374/Glu399 Mg^2+^ site from the neighboring subunits ([@bib39]). Docking of the Kv channel pore onto the BK gating ring using MthK as a model would position such interaction within the same subunit ([@bib37]), but is otherwise possible if using GsuK as a structural model.

Materials and methods {#s4}
=====================

Protein expression and purification {#s4-1}
-----------------------------------

The *GsuK* gene from *Geobacter sulfurreducens* was initially subcloned into the pQE 70 vector using Sph I and Bgl II restriction sites, and contains a thrombin cleavage site between the C-terminal His-tag and the channel. The N-terminus of GsuK was modified for the expression of both the full-length channel and its intracellular subunit. The construct for full-length channel starts at residue Ala9 and contains five extra amino acids (MQRGS) at the N-terminus. The construct for the expression of the GsuK intracellular subunit starts at residue Tyr10 and contains two extra amino acids (MQ) at the N-terminus. Interestingly, although both constructs are very similar, the expression of the latter one starts from Met107 instead of the first Met, producing only the intracellular subunit. Despite the lack of the membrane-spanning segments, solubilization and purification of the GsuK intracellular subunit still requires the presence of detergent at a concentration above the CMC (critical micelle concentration).

Both constructs were expressed in *E.coli* BL21(DE3) cell lines by induction (at A~600~ ∼ 0.8) with 0.4 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) at 37°C for 3--4 hr. Cells were harvested and lysed in a solution of 50 mM Tris--HCl, pH 8, 250 mM KCl and protease inhibitors including leupeptin, pepstatin, aprotinin and PMSF (Sigma-Aldrich, St. Louis, MO). Expressed proteins were then extracted from the cell lysate for 3 hr at room temperature in the above solution by adding 40 mM n-decyl-β-[d]{.smallcaps}-maltoside (DM). The detergent-solubilized proteins were loaded on a Talon Co^2+^ affinity column (Clontech, Mountain View, CA) equilibrated with 50 mM Tris--HCl, pH 8.0, 250 mM KCl and 4 mM DM. In-gel digestion was performed by incubating the protein-bound Co^2+^ resin with thrombin (1 unit per liter of bacterial culture) at 4°C overnight to remove the His-tag and released the proteins into the equilibration solution. After elution, proteins were further purified and buffer exchanged on a Superdex-200 (10/30) gel filtration column in a solution of 20 mM CHES, pH 9.0, 150 mM KSCN, 0.1 mg/ml *E. coli* polar lipid, 2 mM DTT and 4 mM DM for the full-length GsuK channel, and in a solution of 50 mM Tris--HCl, pH 8.0, 250 mM KCl, 2 mM DTT and 4 mM LDAO for the GsuK intracellular subunit. Both proteins elute at a position corresponding to the size of a tetramer.

Crystallization and structure determination {#s4-2}
-------------------------------------------

Purified GsuK intracellular subunit was concentrated to approximately 8 mg/ml using an Amicon Ultra centrifugal filtration device (50 kDa MW cutoff) and crystallized at 20°C using the sitting drop vapor diffusion method by mixing equal volumes of concentrated protein and well solution containing 20--23% PEG3350, 120 mM KCl, 80 mM NaNO~3~, 1% glycerol and 100 mM Bis-Tris propane, pH 8.5. The crystals were cryo-protected by slowly supplementing the crystallization drops with extra 20% PEG400 and flash frozen in liquid nitrogen.

Two mutations, E52A and Q77E or R, were introduced to the pore region of the full-length channel in order to obtain diffracting crystals. Both mutations did not have any observable effect on channel function as tested in single channel electrophysiology, and therefore this full-length channel is considered as wild-type in this study. The crystal quality was further improved by supplementing the buffer solutions with *E. coli* polar lipids during protein purification. The protein was purified in DM using the same procedure as described above and concentrated to approximately 6 mg/ml for crystallization at 20°C with well solution containing 13--18 % PEG3350, 250--500 mM KSCN, and 100 mM CHES, pH 9.0. The additional L97D mutation gave rise to better diffracting full-length channel crystals under the same crystallization condition. This L97D mutant was also used for co-crystallization with nucleotides where ADP or NAD^+^ was added to the protein solution to a final concentration of 1 mM before crystallization trials. All full-length channel crystals were cryo-protected by slowly increasing the PEG3350 concentration in the crystallization drops to 20% followed by a supplement of 20% PEG400.

X-ray data were collected at the Advanced Photon Source (APS) Beamlines 19-ID and 21-ID, and at the Advanced Light Source (ALS) of the Lawrence Berkeley Laboratory (LBL) beamline 8.2.1. Data processing and scaling were performed using the HKL2000 software ([@bib26]). Crystals of the GsuK intracellular subunit are of space group *I222* with unit cell dimensions of a = 110.6 Å, b = 161.7 Å, c = 310.1 Å, and α = β = γ = 90°, and contains four subunits, which form a gating ring in the asymmetric unit. The structure was determined by molecular replacement method using the open MthK gating ring (PDB ID: 1LNQ) as the search model followed by repeated cycles of model building with XtalView ([@bib23]) and refinement with REFMAC ([@bib7]). The final model was refined to 3.0 Å with R~work~ of 22.8% and R~free~ of 26.2% ([Table 1](#tbl1){ref-type="table"}) and contained residues from 110 to 564 of each subunit. The full-length GsuK crystals are of space group *C2* and contain four subunits in an asymmetric unit. The four subunits do not belong to the same channel tetramer, but instead participate in the formation of two channel tetramers with their crystallographic twofold related partners. The structure was determined by molecular replacement method using half of the GsuK gating ring structure (two intracellular subunits) as the search model, followed by repeated cycles of model building in Coot ([@bib11]) and refinement with PHENIX ([@bib1]). The final models for the wild-type channel and L97D mutant were refined to 3.7 Å and 2.6 Å, respectively. In the models of all full-length channel structures, two of the subunits contain residues 17 to 564 whereas the subdomains of the other two subunits (residues 262 to 349 and residues 481 to 564) are disordered. Detailed data collection and refinement statistics are listed in [Table 1](#tbl1){ref-type="table"}. All structure figures were generated in PyMOL ([@bib8]). The cavity space within the ion conduction pore was analyzed in HOLLOW ([@bib15]).

Protein reconstitution and ^86^Rb flux assay {#s4-3}
--------------------------------------------

The full-length channel proteins purified in DM was reconstituted into lipid vesicles composed of a 3:1 ratio of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) and 1-palmitoyl-2-oleoyl-phosphatidyl glycerol (POPG) (Avanti Polar Lipids, Alabaster, Al) as described ([@bib14]; [@bib2]) using a dialysis solution containing 10 mM HEPES, pH 7.4 and 450 mM KCl. The reconstituted liposome samples were kept at −80°C in 100 µl aliquots. For ^86^Rb flux assays, a protein/lipid ratio of 10 μg/mg was used in the reconstitution.

The ^86^Rb flux assay was performed following the same procedures as described ([@bib13]). Liposomes were thawed and sonicated in a bath sonicator for 30 s before the assay. To remove extra-liposomal KCl, samples were passed through a pre-spun Sephadex G-50 fine gel filtration column (1.5 ml bed volume in a 5 ml disposable spin column) swollen in 450 mM Sorbitol and 10 mM HEPES, pH 7.4. Each tested nucleotide was added to a 30 μl aliquot of the liposomes collected after the buffer exchange step followed by the addition of 56 μl ^86^Rb flux buffer (450 mM Sorbitol, 10 mM HEPES, pH 7.4, 50 μM KCl, and 5 μM ^86^RbCl). The final concentration of the nucleotide in the reaction mixture is 1 mM. After 5 min, this reaction mixture was passed through another pre-spun gel filtration column as described above to eliminate extraliposomal ^86^Rb. The final eluate was mixed with 10 ml scintillation cocktail and its radioactivity measured in a scintillation counter. The radioactivity of each sample was normalized against the control sample in which no nucleotide was added.

Single channel recordings from giant liposome patch {#s4-4}
---------------------------------------------------

Initial single channel recordings using lipid bilayers or giant liposome patching with vesicles reconstituted with the GsuK channel failed to detect channel activity. Low open probability and small single channel conductance can both contribute to the lack of channel activity in electrophysiological recording. Our recent study of the MthK channel demonstrated that mutations at Ala88 on the MthK inner helix can have dramatic effects on single channel conductance and open probability---replacing Ala88 with a larger hydrophobic residue such as Leu significantly reduces both whereas the opposite effect is seen with a negatively charged Asp residue ([@bib34]). The equivalent residue in GsuK is Leu97, which we reasoned could potentially be the cause of low channel activity. Furthermore, Ca^2+^ binding at the assembly interface of GsuK also implies a potential gating role. To this end, we introduced an L97D mutation to enhance the channel conductance and/or open probability and also performed single channel recordings in the presence and absence of Ca^2+^. As the results showed, the Ca^2+^ ion initially presented in the patching solutions is the main cause of low channel activity.

For single channel recordings, a protein/lipid ratio 0.5--2 μg/mg was used in the reconstitution. Giant liposome was obtained by air drying 2--3 µl of liposome sample on a clean cover slip overnight at 4°C followed by rehydration in bath solution at room temperature. Patch pipettes were pulled from Borosilicate glass (Harvard Apparatus, Holliston, MA) to a resistance of 8--12 MΩ upon filled with the pipette solution containing 150 mM NaCl (for recordings shown in [Figure 6B,C](#fig6){ref-type="fig"}) or KCl (for recordings shown in [Figure 6E,F](#fig6){ref-type="fig"}), 1 mM CaCl~2~, and 10 mM HEPES, pH 7.4 buffered with KOH or NaOH. The standard bath solution contains 150 mM KCl, 10 mM HEPES, 1 mM EGTA, pH 7.4 buffered with KOH. A giga seal (\>10 GΩ) was obtained by gentle suction when the patch pipette attached to the giant liposome. To get a single layer of membrane in the patch, the pipette was pulled away from the giant liposome and the tip was exposed to air for 1--2 s. Membrane voltage was controlled and current recorded using an Axopatch 200B amplifier with a Digidata 1322A converter (Axon Instruments, Union City, CA). Currents were low-pass filtered at 1 kHz and sampled at 20 kHz. Only patches containing a single channel with P~o~\>0.85 in the absence of Ca^2+^ and having its intracellular side facing the bath solution were used for further experiments. In the study of intracellular Ca^2+^ deactivation, various concentrations of Ca^2+^ were added to the bath solution. The free Ca^2+^ concentration in the range of 0--100 µM was controlled by mixing 1 mM EGTA with an appropriate amount of CaCl~2~ calculated using the software MAXCHELATOR (<http://maxchelator.stanford.edu>). No EGTA was added in the bath solution for \[Ca^2+^\] above 100 μM. Most recordings were performed with symmetrical KCl except for the selectivity measurements in which KCl in the pipette solution was replaced by 150 mM NaCl.

As the channel in liposome patch has its intracellular ligand binding gating ring facing the bath solution, the positive (outward) current is defined as the cation movement from the bath solution to the pipette. The presence of 1 mM CaCl~2~ in the pipette solution (extracellular to the channel) has no effect on channel open probability both in negative and positive voltages, which rules out the possibility of a slow blockade of the pore by Ca^2+^.
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Thank you for choosing to send your work entitled "Distinct Gating Mechanisms revealed by the structures of a multi-ligand gated K^+^ channel" for consideration at *eLife*. Your article has been evaluated by a Senior Editor and 3 reviewers, one of whom is a member of *eLife\'s* Board of Reviewing Editors.

The Reviewing Editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing Editor has assembled the following comments based on the reviewers\' reports. Our goal is to provide the essential revision requirements as a single set of instructions, so that you have a clear view of the revisions that are necessary for us to publish your work.

This paper describes the first structural and functions studies on a new bacterial K^+^ channel from *Geobacter sulfurreducens* called GsuK. GsuK is closely related the bacterial MthK channel and also related to the eukaryotic Slo family of K^+^ channels that includes Slo1 (BK), a Ca^2+^ activated K^+^ channel. However, unlike these channels, these authors show that GsuK is inhibited by Ca^2+^ and weakly up-regulated by ADP and NAD^+^. The authors obtained X-ray crystal structures of several forms of the channel including the intracellular gating ring formed from a tetramer of two tandemly linked RCK domains, and the nearly full-length channel that includes the transmembrane domains and the gating ring. While generally the structures are similar to the previously crystalized MthK channels, they reveal a number of very interesting differences and unique observations.

For example, the inner helix that lines the pore is "segmented", containing a bend not just at the PVP site of Kv channels, but also at a second site more intracellular. This produces a second bundle crossing, and presumed gate, more intracellular than previously found. The structure of a mutant channel, L97D, suggests that the inner helices move in a different direction from MthK and Kv channels, perhaps because the gating ring is rotated relative to the transmembrane domains. The authors observe density (modeled as AMP) that likely corresponds to a nucleotide binding site, and they demonstrate apparent NAD^+^ and ADP-dependent transport by these channels using Rb fluxes. In addition, the authors observe Zn coordinated by two His and two Cys sidechains in the RCK domain, and another ion modeled as Ca. Because none of these ions or nucleotide were added during purification or crystallization, it would appear that each originated from the *E. coli* cytoplasm and/or culture medium and are very tightly bound to the protein. The inhibitory Ca^2+^ binding site is in a different place than the Ca^2+^ binding site of MthK and close to the site in BK that produces channel activation.

These results are clearly a major advance in our understanding of the molecular mechanism of ligand-regulated K^+^ channels. In particular, the differences in structure and mechanism with other channels in this family were unexpected, and could change the paradigm for how we think about the molecular mechanisms of gating in this family of channels. The results would also be of broad interest to people working on other ligand regulated enzymes. The work is well done and nicely presented. However, the authors\' discussion and interpretation of gating mechanism is, in general, not well substantiated by the functional data that accompanies presentation of the structure, and this will require revision. The majority of these significant problems arise from over interpretation and over generalization between different channels. While they should be correctable without further experiments, a substantial rewrite will be required. A suitably revised paper would be an important contribution to the field. Comments that must be satisfactorily addressed:

1\. The major weakness is an extreme interpretation of the data in terms of gating conformational changes in the membrane spanning pore domain. The structures of only presumed closed states are presented. Comparison with the structure of a mutant with altered calcium sensitivity and small conformational differences is used to argue for a gating conformational change at the cytoplasmic entrance. Much is made of this that goes beyond what is supported by the data. Some speculation and hypothesis generation along these lines is certainly appropriate, but the authors\' assertions of details about the gating mechanisms are not supported by the data, beyond suggesting interesting hypotheses. The large amount of space devoted to gating mechanisms need to be pared down significantly and presented with more caution.

2\. Another problem arises from the claimed similarities in gating between GusK and BK channels. There is a significant amount of literature arguing that BK channels do not have a significant cytoplasmic gate in the "bundle crossing" region, and that the activation "gate" is located closer to the selectivity filter. None of this work is mentioned. Taking these earlier studies on BK into account, along with the structure based interpretations on GsuK presented here, it seems more reasonable to claim that GsuK and Slo1 have different gating mechanisms.

3\. Likewise the arguments for different calcium dependent and voltage dependent gates in BK based on interpretations of the GsuK full-length structure and the BK gating ring structure are groundless. As stated by the authors "In other word\[s\], voltage activation may control a different gate in the pore \[\...\] allowing the channel to be independently regulated by both Ca^2+^ and voltage (Horrigan and Aldricxh, 2002)." This is the opposite of what Horrigan and Aldrich proposed. They proposed that Ca^2+^ and voltage independently act on the *same* gate. If there were two independent gates, then Ca^2+^ alone or voltage alone could never open the channel (but they do).

4\. It would be helpful to see the time course data for the Rb flux experiments, as opposed to a single time point for each ligand, if these data are available, so that a reader might be able to compare the flux experiment time courses with those from other K channels.

5\. If the currents in Figure 6B and C were recorded with 150 Na out and 150 K in, then the large inward current in these recordings would be carried entirely by Na. Most investigators would thus classify GsuK as a non-selective cation channel, and not a K^+^ channel, regardless of the selectivity filter sequence. So to refer to GsuK as a K^+^ channel is somewhat misleading.

6\. The authors hypothesize that Ca is inhibiting the channel through the identified Ca binding site in the gating ring, because Ca added to the intracellular side of the channel decreases Po but not single-channel conductance. However, in Figure 6D, only inward currents are shown. If Ca is inhibiting through a slow blockade of the pore (i.e. like Ba), then one might expect this inhibition to show some voltage-dependence; this might be revealed if outward currents were analyzed as well. Alternatively, the authors\' hypothesis might be supported through recordings of GsuK with a mutation at the Ca-binding site. Without any additional information, the argument that the Ca binding site in the RCK domain is the sole locus of Ca\'s inhibitory action is a weak one, and thus the authors should at least mention that other sites or mechanisms of inhibition cannot be ruled out.

7\. Although a small increase in Po is shown with added nucleotide for Ca-inhibited channels (Figure 6E), it is also not clear whether this effect arises from the action of nucleotide at the binding site identified in the crystal, or from a non-specific action. This concern arises from the apparent tight-binding of nucleotide in the crystal and relatively weak interaction observed in the e-phys recordings. This issue might also be resolved through recordings of GsuK with a mutation at the nucleotide-binding site. In the absence of such data the conclusions should be toned down.

8\. The section "Mechanisms of nucleotide activation" mainly describes nucleotide coordination, and so this section should probably be retitled "Mechanisms of nucleotide coordination". It is not clear how one can discuss nucleotide activation of the channel when it is not clear from the single channel recordings that the channel is substantially activated by nucleotide, and the observed conformational changes with added nucleotide are so subtle. It is worth calculating a deltadeltaG from the increase in open probability with nucleotide (at low probability) and compare to a similar calculation for Ca^2+^ (will probably be a lower estimate). Perhaps ADP and NAD^+^ should be called modulators or regulators and not ligands.

9\. The model in Figure 11 is confusing. It implies that ADP or NAD^+^ can only bind to the closed (Ca^2+^ inhibited) state. Since ADP and NAD^+^ are up-regulators, they probably bind with higher affinity to the open state. Just because there is no effect in the absence of Ca^2+^ does not mean that the regulators are not binding: the open probability is already near one.
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*1. The major weakness is an extreme interpretation of the data in terms of gating conformational changes in the membrane spanning pore domain. The structures of only presumed closed states are presented. Comparison with the structure of a mutant with altered calcium sensitivity and small conformational differences is used to argue for a gating conformational change at the cytoplasmic entrance. Much is made of this that goes beyond what is supported by the data. Some speculation and hypothesis generation along these lines is certainly appropriate, but the authors\' assertions of details about the gating mechanisms are not supported by the data, beyond suggesting interesting hypotheses. The large amount of space devoted to gating mechanisms need to be pared down significantly and presented with more caution*.

The major concerns from the reviewers center on the discussion about channel gating. We agree that certain discussions, especially about BK channels, are very speculative. The discussion about gating has been pared down significantly, making the paper more focused on data rather than speculation.

*2. Another problem arises from the claimed similarities in gating between GusK and BK channels. There is a significant amount of literature arguing that BK channels do not have a significant cytoplasmic gate in in the "bundle crossing" region, and that the activation "gate" is located closer to the selectivity filter. None of this work is mentioned. Taking these earlier studies on BK into account, along with the structure based interpretations on GsuK presented here, it seems more reasonable to claim that GsuK and Slo1 have different gating mechanisms*.

This concern as well as the following one is related to the first summary point raised by the reviewers. It is apparent that the discussion about BK channel gating in this paper is too speculative and therefore we removed this discussion in the revision.

*3. Likewise the arguments for different calcium dependent and voltage dependent gates in BK based on interpretations of the GsuK full-length structure and the BK gating ring structure are groundless. As stated by the authors "In other word\[s\], voltage activation may control a different gate in the pore \[\...\] allowing the channel to be independently regulated by both Ca2+ and voltage (Horrigan and Aldrich, 2002)." This is the opposite of what Horrigan and Aldrich proposed. They proposed that Ca*^*2+*^ *and voltage independently act on the same gate. If there were two independent gates, then Ca*^*2+*^ *alone or voltage alone could never open the channel (but they do)*.

As mentioned in our response to point two, the discussion of BK channel gating may not be appropriate for this study and has been removed.

*4. It would be helpful to see the time course data for the Rb flux experiments, as opposed to a single time point for each ligand, if these data are available, so that a reader might be able to compare the flux experiment time courses with those from other K channels*.

We do not have the data for time-dependent Rb influx for each ligand. While the flux assays helped us identify potential nucleotide ligand in our initial study, they are too qualitative for kinetic analysis.

*5. If the currents in Figure 6B and C were recorded with 150 Na out and 150 K in, then the large inward current in these recordings would be carried entirely by Na. Most investigators would thus classify GsuK as a non-selective cation channel, and not a K*^*+*^ *channel, regardless of the selectivity filter sequence. So to refer to GsuK as a K*^*+*^ *channel is somewhat misleading*.

There appears to be a misunderstanding about the channel configuration in our study. In our liposome patch, the intracellular ligand binding gating ring is facing the bath solution, which is opposite to the conventional patch in whole-cell configuration. The negative current in our study is defined as the cation movement from the bath solution (with 150 mM K^+^) to the pipette (with 150 mM Na^+^). Therefore, the large negative current the reviewer mentioned here is actually carried by K^+^ (equivalent to outward current for the channel). Based on the reversal potential, the channel is about five-fold selective for K^+^. To avoid any confusion, we clarify the definition of the channel orientation and current directions in the methods section.

*6. The authors hypothesize that Ca is inhibiting the channel through the identified Ca binding site in the gating ring, because Ca added to the intracellular side of the channel decreases Po but not single-channel conductance. However, in Figure 6D, only inward currents are shown. If Ca is inhibiting through a slow blockade of the pore (i.e. like Ba), then one might expect this inhibition to show some voltage-dependence; this might be revealed if outward currents were analyzed as well. Alternatively, the authors\' hypothesis might be supported through recordings of GsuK with a mutation at the Ca-binding site. Without any additional information, the argument that the Ca binding site in the RCK domain is the sole locus of Ca\'s inhibitory action is a weak one, and thus the authors should at least mention that other sites or mechanisms of inhibition cannot be ruled out*.

This concern is related to the same orientation issue raised in point 5. The negative current in Figure 6D is actually outward current with respect to the channel and we do not see the change in conductance with the presence of Ca^2+^ in the bath solution. In our liposome patch, the pipette solution (extracellular to the channel) actually contains 1mM CaCl2 and we did not see any effect on channel open probability both under negative and positive voltages. This also rules out the possibility of a slow blockade of the pore by Ca^2+^. Clarification of this point has been included in the revision.

\[Editors\' note: at the request of the editors, the authors subsequently changed the signs of single channel recordings and I-V curves in Figure 6 to conform to the standard convention.\]

*7. Although a small increase in Po is shown with added nucleotide for Ca-inhibited channels (Figure 6E), it is also not clear whether this effect arises from the action of nucleotide at the binding site identified in the crystal, or from a non-specific action. This concern arises from the apparent tight-binding of nucleotide in the crystal and relatively weak interaction observed in the e-phys recordings. This issue might also be resolved through recordings of GsuK with a mutation at the nucleotide-binding site. In the absence of such data the conclusions should be toned down*.

The nucleotide binding site in a subset of RCK domains is highly conserved in sequence and structure. NAD and ADP have also been observed in several structures of RCK domains from K^+^ transporters and are classified as the ligand for the transporters. As we discussed in the paper, Ca^2+^ appear to have a major effect on channel gating. Although not as profound, the ADP and NAD do have clear and specific effect on channel gating, which is unlikely to arise from non-specific action. The low efficacy of the nucleotide ligand does not necessarily reflect weak binding. Further functional study on GsuK gating, such as mutations at the nucleotide binding site, will be pursued, but is not within the scope of this study, which is more focused on structural aspects of the channel.

*8. The section "Mechanisms of nucleotide activation" mainly describes nucleotide coordination, and so this section should probably be retitled "Mechanisms of nucleotide coordination". It is not clear how one can discuss nucleotide activation of the channel when it is not clear from the single channel recordings that the channel is substantially activated by nucleotide, and the observed conformational changes with added nucleotide are so subtle. It is worth calculating a deltadeltaG from the increase in open probability with nucleotide (at low probability) and compare to a similar calculation for Ca*^*2+*^ *(will probably be a lower estimate). Perhaps ADP and NAD*^*+*^ *should be called modulators or regulators and not ligands*.

This is related to point seven. As mentioned in our response to point seven, we observed specific NAD and ADP binding in the structure and their effect on channel open probability (despite being less profound than Ca^2+^). NAD and ADP were observed in a subset of RCK domains that contain the conserved nucleotide-binding motif and were considered as the ligand for the RCK-containing K^+^ transporter. We feel that it would be more appropriate to consider the nucleotide as a ligand for GsuK instead of a modulator or regulator. The characterization of GsuK ligand gating including the mutation of nucleotide binding site as well as the quantification of ligand effect will be pursued in our future studies. We have changed the subtitle for this section to "ADP and NAD^+^ binding in GsuK".

*9. The model in Figure 11 is confusing. It implies that ADP or NAD*^*+*^ *can only bind to the closed (Ca*^*2+*^ *inhibited) state. Since ADP and NAD*^*+*^ *are up-regulators, they probably bind with higher affinity to the open state. Just because there is no effect in the absence of Ca*^*2+*^ *does not mean that the regulators are not binding: the open probability is already near one*.

Figure 11 does not intend to imply that ADP or NAD^+^ can only bind to the closed (Ca^2+^ inhibited) state. What we intend to show is that ADP and NAD^+^ binding can increase channel opening in the presence of Ca^2+^. We actually agree with the reviewers that ADP and NAD^+^ probably have higher affinity to the open state channel. As the working model in Figure 11 merely serves as a summary of some possible states discussed in the paper and does not add much new information to the paper, we removed it in the revision to avoid any confusion.

[^1]: These authors contributed equally to this work.

[^2]: Redundancy = total measurements/unique reflections.

[^3]: R~sym~ = Σ\|Ii − \<Ii\>\|/ΣIi, where \<Ii\> is the average intensity of symmetry equivalent reflections.

[^4]: R factor = Σ\|F(obs) − F(cal)\|/ΣF(obs), 5% of the data were used in the R~free~ calculations.

[^5]: Rmsd = root-mean-square deviation.

[^6]: Numbers in parentheses are statistics for highest resolution shell.
